Purpose. Infective endocarditis is a severe and potentially fatal disease. Nearly a third of all cases remain culture-negative, making a targeted and effective antibiotic therapy of patients challenging. In the past years, fluorescence in situ hybridization (FISH) has proven its value for the diagnosis of infective endocarditis, particularly when it is caused by fastidious bacteria. To increase the number of infective endocarditis causing agents, which can be identified by FISH, we designed and optimized a FISH-probe for the specific detection of Coxiella burnetii in heart valve tissue.
INTRODUCTION
Infectious endocarditis is a life-threatening disease. The diagnostic gold standard for endocarditis is blood culture, and, if heart valve replacement is needed valve culture. Often prior antimicrobial therapy or slow growing species can lead to negative culture results, making adequate therapy difficult [1, 2] . Fluorescence in situ hybridization (FISH) has been previously used for the diagnosis of endocarditis in these complex cases, which involve fastidious or slowly growing organisms like Coxiella burnetii, Tropheryma whipplei or Bartonella species [3] [4] [5] . In the absence of positive culture results, FISH allowed for a microscopical identification of the causative agent in several cases [4, 6, 7] , proving its value for diagnostics.
An important aspect for the use of FISH in diagnostics is thorough specificity testing of the respective FISH probes.
Specific probes for the most commonly found species with clinical relevance (streptococci, staphylococci and enterococci) as well as for some fastidious micro-organisms, like T. whipplei and Bartonella quintana, have been published [3] [4] [5] , but the probes published for C. burnetii so far lack proper evaluation. Moreover, for none of the published Coxiella probes are formamide concentrations available [7, 8] , although the addition of this chemical is mandatory to adjust the stringency and ensure the specificity of hybridizations in FISH [9] . Even more worrying, a comparison against the SILVA 16S rRNA database [10] revealed that at least one of the published probes shows a perfect match to more than 8000 non-target species in the respective region of the 16S rRNA of different bacterial families [7] leading to false-positive hybridization signals for all those species. In the absence of properly evaluated probes, the general bacterial probe EUB [11] has been used in combination with PCR for the diagnosis of C. burnetii in a patient with infectious endocarditis in a previous study [12] . A problem encountered in this study by Kumpf et al. [12] , and in other studies analysing tissue sections of endocarditis patients, was the high autofluorescence level of the heart valve tissue [5] . This can either result from the calcification present in the sections or the non-specific binding of the probe to sample material and impedes unambiguous identification of a causative agent in these samples. This problem may be overcome by adding a non-sense probe (e.g. nonEUB338) to the hybridization mix, allowing the identification of unspecific fluorescence due to unspecific probe binding. However, the fluorophore used for this additional nonsense probe cannot be used for a specific FISH-probe in that particular hybridization, thus limiting the amount of simultaneously detectable bacteria. If additional protocols are developed to overcome the challenges posed by autofluorescence and a set of specific probes for the use in endocarditis is developed, FISH can provide useful information for up to 30 % of all cases of endocarditis that remain culture-negative [2] .
METHODS
Evaluation of the probe Coxb0187 with pure cultures Coxiella burnetii Nine Mile was grown in Buffalo green monkey cells in minimal essential medium with 1 % nonessential amino acids and 2 mmol L-glutamine. For FISH, cell culture supernatant containing released bacteria was fixed with 4 % formaldehyde overnight at room temperature. After fixation, cells were washed three times with PBS, resuspended in a 1 : 1 mixture of ethanol and PBS and stored at À20
C. The probe Coxb0187 (5¢-ATC CCC CGC TTT GCT CCA A) for the specific detection of C. burnetii was designed using the arb 6.0 software package [13] and the SILVA SSU database [10] and ordered from a commercial vendor (Metabion, Munich, Germany) labelled with one or two indocarbocyanine (Cy3) molecules. Halothiobacillus kellyi DSM-13162 was used as a non-target organism (i.e. the species with the lowest number of mismatches to the Coxb0187 probe according to the SILVA database -in this case one single mismatch) to test the specificity of Coxb0187. H. kellyi was ordered from the DSMZ and fixed with 4 % formaldehyde. To prevent Coxb0187 from binding to the Halothiobacillus-like non-target organisms [14] , the unlabelled competitor probes Coxb0187comp1 (5¢-ATC CCC TGC TTT GCT CCA A) and Coxb0187comp2 (5¢-ATC CCA CGC TTT GCT CCA A) were included in all hybridizations. Based on the latest SILVA database, no bacterial species with clinical relevance exhibits only one mismatch at the probe binding site. Thus, for clinical applications the competitor probes are probably not needed. Conditions for the specific detection of C. burnetii were determined using formamide series as previously described [9] . The same times for hybridizing (60 min) and washing (10 min) were used for all slides. All images were acquired using a confocal laser-scanning microscope (LSM 710, Zeiss) with the same settings for image acquisition. At least 2000 single cells were analysed for each organism per formamide concentration and experiments were performed in duplicates. Formamide series were analysed using the daime software [15] .
Fluorescence in situ hybridization with tissue samples Fixation, embedding and hybridization procedures used in this study for the heart valve tissue of a patient with infectious endocarditis have been described in detail before [16] . Briefly, tissue was embedded in cold polymerizing resin, sectioned and hybridized with a mixture of FISH probes. For this, tissue sections were covered with 20 µl hybridization buffer [0.9 M NaCl, 20 mM TrisHCl (pH 8.0), 0.01 % SDS, 30 % formamide] mixed with the respective probes, and slides were incubated at 46 C in a humid chamber in the dark for 2 h. After hybridization, slides were dipped in icecold water and dried immediately. For the detection of other bacteria in the samples, the probe EUB (5¢-GCT GCC TCC CGT AGG AGT; targeting the majority of bacteria) labelled with indodicarbocyanine (Cy5) was used [11] , and sections were additionally stained with 4¢, 6¢-diamidino-2-phenylindole (DAPI). The nonsense probe nonEUB (5¢-ACT CCT ACG GGA GGC AGC) [17] was used to control for the unspecific binding of FISH probes to sample material [18] .
In order to hybridize slides with a different set of probes, the coverslip was carefully removed and the slide was rinsed with distilled water. The slide was then covered with formamide and incubated in a humid chamber at 48 C for 1 h to strip probes from the slide, followed by another rinse with distilled water. This was followed by another round of hybridization with a different set of probes as described above.
RESULTS
In order to detect C. burnetii in heart valve sections, we designed the probe Coxb0187 and performed formamide series for its evaluation with pure cultures. Hybridizations with increasing concentrations of formamide showed that bright signals with Coxb0187 were observed at 30 % formamide for C. burnetii, but not for the non-target organism H. kellyi (Fig. 1) . Lower concentrations of formamide resulted in the unspecific binding of the probe to the nontarget organism (Fig. 1b) . Because signals obtained for C. burnetii were rather weak with both the general EUBprobe as well as the specific probe Coxb0187, possibly due to low ribosomal content of the cells, we decided to use double-labelled probes for signal enhancement in all further hybridizations [19] . Comparison of single-and doublelabelled probes showed a strong increase in signal, when double-labelled probes were used (data not shown).
When we tried to use the probe Coxb0187 to detect C. burnetii in heart valve sections of a patient with infectious endocarditis, autofluorescence of the tissue, resulting from calcification, aggravated a detection of bacteria. Clusters of autofluorescent particles mimicked bacterial clusters in appearance, making a differentiation between true signals and false background signals extremely difficult (Fig. 2) . As the autofluorescence was observed in all channels (DAPI, FLUOS, Cy3 and Cy5 filter sets) (Fig. 2) , labelling with an alternative fluorophore was neither an option. This observation of high autofluorescence levels is consistent with observations in similar material by other studies [5] , and stresses the importance of adequate controls in FISH.
To achieve an unambiguous identification of FISH-positive cells in challenging samples, we developed an approach, where we hybridized the same tissue section sequentially with different sets of probes. Sections were first hybridized with a mix of three nonEUB-nonsense probes labelled Cy3, FLUOS and Cy5, and were additionally stained with DAPI. The section was then carefully screened for areas where clusters of DAPI-positive signals, but not signals in any of the other three channels, were observed (Fig. 3) . For these areas, pictures were acquired and the position was marked on an overview of the section to find it again in subsequent hybridizations (Fig. 2) . In the next step, sections were stripped of probes and rehybridized, using the Coxiella-specific probe Coxb0187, the EUB probe to detect all bacteria and the non-EUB probe as an additional control. Previous areas of interest were relocated in the section and investigated for the presence of signals with the Coxb0187 and EUB probes in the absence of a signal with the nonEUB probe (Fig. 3) . Due to the distinctive topology of the sections, the identification of the same area was possible. Using this approach, we could unambiguously identify several DAPI-positive clusters as C. burnetii, as they showed bright signals with the probes Coxb0187 and EUB. In contrast, other clusters did not show binding of the bacterial probes (data not shown). These could either represent autofluorescent particles or inactive bacteria. To prove that signals resulted from specific binding of probes, we stripped and rehybridized sections again using a mix of nonEUB probes. This showed that probes had dissociated from the respective areas of interest due to stripping and no or only very dim signals were obtained with the control probes (Fig. 3) . Sections were able to withstand repeated cycles of stripping and hybridizations without changes in appearance for the first three rounds, but started to dissolve slightly after a fourth round of hybridization. Overall, this approach allowed for the specific in situ identification of C. burnetii in heart valve sections of human patients despite high levels of background fluorescence.
DISCUSSION
FISH has shown its usefulness in the diagnosis of fastidious bacteria in several previous studies [3] [4] [5] 12] . Since the detection by FISH requires at least 400 ribosomal target molecules per cell [20] , it only detects intact and (at time of the fixation) viable bacteria and is a very robust method. Furthermore, FISH shows the presence of the causative agent at the site of infection, additionally provides spatial information and the potential presence of further co-infecting bacteria. Based on these advantages, it is an interesting option to combine FISH with other diagnostic methods like blood cultures, PCR, or immunohistochemistry, especially in complex cases where the causative agent is hard to identify. However, to make FISH an attractive addition to the diagnostic toolbox, protocols have to be developed to deal with real and therefore sometimes challenging ex vivo samples. Autofluorescent particles that mimic bacteria could lead to false-positive results (Fig. 2) , whereas overlooking the presence of bacteria within the sample due to masking by autofluorescence would lead to false-negative results. On the other hand, and maybe even more importantly, not properly validated probes could lead to a false-positive identification of bacteria in a sample. Therefore, hybridizations with target-and non-target organisms with the least number of mismatches at the probe binding site at different formamide concentrations should be performed for each newly developed probe, and the respective non-target species have to be included as a separate control in every hybridization experiment in diagnostic applications [6] .
One problem in cases with limited material or few available sections is the right choice of specific probes and the fact that the identical bacterial cell cannot be evaluated with more than three probes due to limitation of available wavelengths and filter sets in the routine diagnostic laboratory. Based on our results, we suggest the following procedure for challenging samples: (i) evaluation of the sample without the addition of any probe to check for autofluorescence; (ii) use of a combination of nonEUB, specific and general (or DNA stain) probes to identify true bacterial signals; (iii) for specific identification of bacteria without a doubt, use of the stripping and rehybridization protocol presented in this study. Although the workload and amount of time with this novel protocol is increased compared to conventional FISH, it presents a valuable addition to existing protocols for challenging samples and in cases with a limited amount of sample. For fastidious and slow-growing bacteria with low ribosomal content, the use of double-labelled FISH probes might additionally facilitate detection and identification as this results in doubling of the probe signal [19] .
Overall, this paper adds a newly developed specific probe to the toolbox of C. burnetii diagnostics that was evaluated in Fig. 3 . Repeated hybridizations of the same section with different probe sets allow identification of C. burnetii in heart valve tissue. The same area of the same section is shown after a first hybridization with nonEUB control probes (first), and after the second hybridizations with the specific probe Coxb0187, the general bacterial probe EUB and the nonEUB control probe (second). Hybridizations after another round of stripping and hybridizations with nonEUB probes (third) show dissociation of most of the bound probes. For comparison, DAPI staining for all three hybridizations is shown on the left. All images were acquired with a confocal laser scanning microscope with the same acquisition parameters. Bar, 5 µm. ex vivo samples. Furthermore, it highlights the importance of thorough controls for challenging FISH samples and proposes a new approach to overcome some of those challenges.
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